Objective: This paper aims at clarifying the meaning of`optimal diets'. Design: Two different optimization approaches are considered. Both depart from people's actual diets which in general do not meet all their nutrient requirements. In the ®rst case (non fuzzy approach) the actual diets are modi®ed such that all nutrient intake recommendations are met and the resulting changes in the persons' food habits are as little as possible. In the second case (fuzzy approach) the actual diets are modi®ed such that the persons' food habits undergo little change and the nutrient intake recommendations are met as well as possible. Both approaches are evaluated using data on the actual diets of three randomly chosen participants of the Bavarian Food Intake Survey. Results: With both approaches feasible solutions can be found. The optimal diets computed with the non fuzzy approach satisfy all the persons' nutrient requirements, but make it necessary to change the persons' food habits considerably. When compared to the subjects' actual diets, the optimal diets computed with the fuzzy approach yield improvements for the intake of many nutrients, but in some cases deteriorations also occur (for example, concerning folate, calcium and iodine). So, the process and the results of the fuzzy approach are not`Pareto ef®cient'. But it has the advantage that the corresponding optimal diets deviate from the actual diets by no more than about 3 ± 5 kitchen units per day. Conclusions: The term`optimal' does not have a general meaning. An`optimal diet' does not necessarily meet all the nutrient requirements of a person. Optimality only depends on the respective conditions any optimization is based on.
Introduction
In af¯uent societies nutrition is for most people a complex problem of choice referring to kind, quantity and frequency of production and consumption of food items and dishes in a given time period.
Formally, this problem consists on the one hand of variables and on the other hand of conditions to be met by the variables. The variables are the kind andaor quantity andaor frequency of the food items or dishes, which are available for production andaor consumption. The conditions refer to the utility and the costs, which are caused by nutrition in a given time period. The utility of nutrition is derived from the satisfaction of nutritional requirements. The latter can be divided into the objective nutritional requirements (ONR) and the subjective nutritional requirements (SNR). The ONR are determined by type and quantity of the nutrients that a person needs in the given time period to maintain his or her health status. The SNR are made up by type, quantity and frequency of the food items or dishes that a person wants to eat in this time period due to preferences and habits in the production and consumption of food items and dishes (Steinel & Karg, 1993) .
However, valid data on the objective or subjective nutritional requirements of a person are rarely available. Instead of them, proxy data are often used. For the ONR these are the recommendations on nutrient intake differentiated for age, gender, physical activity and physiological status, as stated by the German Society of Nutrition (German abbr. DGE) (DGE, 1991) or equivalent national or international scienti®c committees. For the SNR data on the actual diet of a person can be interpreted as a proxy. It is assumed that a diet meets the SNR the better, the less it deviates from the actual diet.
The costs of nutrition are seen under the aspects of money and time. Both refer for example, to the costs for food, labour or energy that result from the acquisition of food items, the preparation and consumption of dishes and the disposal of food waste (Steinel & Karg, 1993) .
The conditions of the choice problem of nutrition can be divided into main and side conditions. In the main condition (often also referred to as target function) certain characteristics of nutrition are minimized (for example, costs) or maximized (for example, palatability), in side conditions certain characteristics of nutrition are satis®ed (for example, energy and nutrient requirements). A solution of the choice problem is considered as optimal, if all the restrictions of the side conditions are met and the target function takes the lowest (respectively highest) possible value.
Problem and objective
To solve the choice problem of nutrition several optimization models were developed (Stigler, 1945; Smith, 1959; Balintfy, 1964; Ward et al, 1978; Karg, 1980; Baur, 1981; Karg et al, 1984; Steinel, 1992; Sklan & Dariel, 1993; Wirsam 1994a1995; Binder et al, 1997; Hensel et al, 1997) . Most of them try to meet the nutritional requirements of people at minimal costs. Those models can be considered as well examined (Karg, 1982; Steinel, 1993; Steinel & Karg, 1993) .
In recent times however, optimization approaches were presented that neglect the cost aspect of nutrition while optimizing the utility of nutrition, only (for example, Wirsam, 1994a1995; Binder et al, 1997) . Among them Ð for the ®rst time in nutrition optimization Ð there are some papers that formulate the conditions of the choice problem not distinctly but fuzzily (Wirsam, 1994; Hahn et al, 1995; Wirsam 1995; Wirsam & Uthus, 1996; Wirsam et al, 1997aab) . Accordingly, non fuzzy (NF-) and fuzzy (F-) approaches can be distinguished, whereby primarily the different interpretation of the recommendations for the nutrient intake led to the naming.
In the NF-approach the recommendations on nutrient intake are interpreted distinctly, that is, a recommendation is either met or not met (Boolean logic). There are no further levels of evaluation in between.
In the F-approach the recommendations on nutrient intake are fuzzi®ed. That is, the nutrient intake of persons of a person group is no longer evaluated as a Boolean (dichotomous) variable taking only the values`recommendation not met' (coded as 0) or`recommendation met' (coded as 1). Instead, it is evaluated as a continuous variable de®ned for the closed interval from 0 ± 1. It expresses the degree of satisfaction of the objective nutritional requirements with the help of so-called fuzzy values (fuzzy logic) (Wirsam et al, 1997a) . The set of all fuzzy values for the intake of a nutrient by persons of a person group is called fuzzy set. It represents a mathematical function which assigns appropriate fuzzy values depending on the quantity of the intake of a nutrient. All the fuzzy values for the intake of the different nutrients in a given diet are aggregated to a certain mean total value (Wirsam et al, 1997a) . In the F-approach this classi®ca-tion number is used as a quality rating scale for the whole diet (Hahn et al, 1995) and is maximized in the optimization process.
This present paper wants to clarify the meaning of aǹ optimal' diet. In particular, it wants to analyze and compare the conditions under which the optimization calculations are executed in both the NF-and the Fapproach. For this purpose the work of Binder et al (1997) respectively Hensel et al (1997) were selected as a representative of the NF-approach and the work of Wirsam (1995) respectively Wirsam and Uthus (1996) and Wirsam et al (1997a) as a representative of the F-approach. In the following both approaches are described in detail.
Optimization models
Starting point of the optimization calculations applying the NF-or the F-approach is an analysis of the actual diet (AD) of a person (Figure 1 ). This is to be done for example with the help of a 7 d food record and an appropriate food composition table. Generally, the analysis leads to the following results: In the actual diet the number of portions of a dish j that is consumed by a person per time unit is x j AD with j 1, 2, F F F , J. The consumption of those J dishes in a given time period leads for the nutrient i to the intake q i AD with i 1, 2, F F F , I. That is
with a ij content of nutrient i per portion of dish j.
On the basis of the x j AD (with j 1, 2, F F F , J) respectively the q i AD (with i 1, 2, F F F , I) it can be checked, to what extent the nutritional requirements of the person are met. It is assumed that the x j AD meet the SNR, but the q i AD do not generally meet the ONR. After the analysis of the actual diet the optimization calculations can be executed. Thereby, (apart from fuzzi®-cation) the NF-and the F-approach differ particularly in the way they consider the ONR and the SNR: In the NFapproach the satisfaction of the SNR is formulated as main condition and the satisfaction of the ONR as side conditions. In the F-approach, however, the satisfaction of both, ONR and SNR, makes the main condition.
In the following both approaches are dealt with in more detail.
Optimization with the non fuzzy approach
The optimization applying the NF-approach according to Binder et al (1997) respectively Hensel et al (1997) determines on the basis of the x j AD such x j which ful®ll the following conditions.
The sum of the squared differences of the x j and x j AD is used as a measure for the deviation of a diet from the SNR. This measure is to be minimized as the main condition of the NF-approach. That is
This minimization is subject to two types of side conditions. The ®rst requires that the intakes of all the regarded nutrients resulting from the consumption of the x j portions of dish j (with j 1, F F F , J) meet the corresponding recommendations of the DGE (1991) . This means there is a complete satisfaction of the ONR.
In the NF-approach two sets of nutrients are to be distinguished: For the ®rst set (referred to as i 1, F F F , I 1 ) the recommended quantities are to be interpreted as lower bounds of surely adequate intakes. This set is primarily made up by minerals, trace elements and water soluble vitamins. Under conditions of a`normal and reasonable diet' (DGE, 1991) the recommended quantities may be exceeded without health risks. For the second set of nutrients (referred to as i I 1 1, F F F , I) the recommendations are to be considered as upper bounds of an adequate intake. Members of this set are for instance nutrients such as alcohol, sucrose, fat and cholesterol as well as energy.
Accordingly, the side conditions of the NF-approach impose lower or upper bounds on the nutrient intake. In the ®rst case there is the condition
and in the second case there is The second type of side conditions does not permit negative values for the x j (non-negativity constraint (Dantzig & Thapa, 1997) ). That is
The solution of the conditions (1) ± (3) is calculated using the computer program LINGOaPC 3.1 (LINDO Systems Inc.). Those x j (with j 1, F F F , J) which meet all the conditions are in the following called x j NF . The resulting optimal nutrient intake is referred to as q i NF (with i 1, F F F , I) and the value of the target function (1) as (Dx  NF ) 2 . An overview of the characteristics of the NFapproach can be found in Figure 1 .
Optimization with the fuzzy approach
The optimization with the F-approach requires in the ®rst step the fuzzi®cation of the ful®llment of the ONR and the SNR. In the second step the optimization itself can be carried out.
In the fuzzi®cation of the ONR, the corresponding fuzzy value for a person's intake of each nutrient is determined. This fuzzy value is a measure for the ful®llment of the person's ONR of a nutrient. By de®nition it takes only values from the closed interval from 0 ± 1. Each fuzzy value can be interpreted verbally on the basis of a so-called Type-2 fuzzy set (Zadeh, 1973) (Table 1) . A fuzzy value of 0 for example is considered as not compatible with life, a fuzzy value of 1 represents the nutrient intake that is assumed to be most healthy. A fuzzy value is determined on the basis How optimal are computer-calculated optimal diets? K Gedrich et al of a pre-de®ned fuzzy set. This is a speci®c continuous function for each nutrient and each person group associating a corresponding fuzzy value according to the nutrient intake. That is " ig fuzzy set for the intake (per time period) of nutrient i of people of the group g respectively " ig q i fuzzy value for the intake (per time period) of nutrient i of people of the group gX In the fuzzi®cation of the SNR the deviation of a diet from a person's actual diet is evaluated by another fuzzy value. This deviation is de®ned as the number of portions (measured in kitchen units) that is changed per period of time. The number is called Hamming distance Dx (Wirsam & Uthus, 1996) . It is
The corresponding fuzzy set m h is an s-shaped function of the Hamming distance Dx. For a Dx 0 one gets a fuzzy value m h (Dx) 1. With increasing Dx the m h (Dx) take values approaching 0.
In the F-approach different fuzzy sets of the type m h are offered depending whether the user would like to permit only few, moderate or substantial modi®cations of the diet. For the further considerations only the last fuzzy set is chosen here.
After the fuzzi®cation of ONR and SNR, for any person of group g all the fuzzy values m ig (q i ) with i 1, F F F , I and the fuzzy value m h (Dx) are aggregated to a target variable W. To simplify the following considerations these fuzzy values are de®ned as m kg (z k ) with k 1, F F F , K (whereby K I 1) and z k q k for k 1, F F F , I respectively z k Dx for k K.
The variable W represents a measure for the ful®llment of both ONR and SNR. Such an aggregation is common in fuzzy set theory whenever several targets are to be pursued simultaneously. As an aggregation operator in the Fapproach a combination of the minimum operator and the harmonic mean operator is used, that is the smallest of the fuzzy values is multiplied by the harmonic mean of the remaining fuzzy values. For the diet of a person of group g and a certain fuzzy set m h one obtains the variable W gh that is according to Albat & Wirsam (1995) , Wirsam & Uthus (1996) and Wirsam et al (1997a) de®ned as
Apart from W, another aggregation variable plays an important role in the F-approach. This is the so-called Prerow value (PV). It results, just like W, from an aggregation of fuzzy values. For the determination of the PV, however, only the m ig (q i ) for i 1, F F F , I are used. Therefore, the Prerow value for persons of a person group g is according to Wirsam et al (1997b) 
PV g represents a measure for the ful®llment of the ONR of persons of a person group g. Like the individual fuzzy values the PV takes values from 0 (possibly not compatible with life) to 1 (most healthy). An interpretation of some speci®c Prerow values is given by Hahn et al (1995) . A Prerow value greater than 0.95 shows that the nutrient intakes of a person meet the recommendations to a large extent and a Prerow value of 0.73 for instance indicates a very unbalanced diet.
With the help of the aggregated fuzzy values the optimization with the F-approach can ®nally be carried out. On the basis of the x j AD such x j are determined which meet the following conditions.
As the main condition a measure for the simultaneous ful®llment of the ONR and the SNR (that is, W gh ) is to be maximized. That is
where W gh is de®ned in (5). As the only side condition, the F-approach requires the x j to take integer values, that is
The solution of conditions (7) and (8) is calculated with the computer program FOODOPT 1 (Albat Wirsam Software-Vertriebs GmbH). The algorithm for the determination of this solution is unknown. Albat Wirsam treat it as a trade secret. Those x j (with j 1, F F F , J) ful®lling the conditions (7) and (8) are in the following called x j F . The resulting optimal nutrient intake is referred to as q i F (with i 1, F F F , I). Dx F indicates the optimal Hamming distance and PV F the obtained Prerow value. The major characteristics of the F-approach are summarized in Figure 1 .
Methods
For a comparison of the two optimization approaches three diets are optimized, exemplarily. The data come from 7 d food intake records which were randomly chosen from the Bavarian Food Intake Survey (Fischer et al, 1997) . The selected records were kept by female persons of the age (Albat & Wirsam, 1995; Wirsam et al, 1997a) Fuzzy value Verbal interpretation 1 Optimal state of nutrient supply 0.9 ± 1.0
Well balanced supply, ®lled stores 0.8 ± 0.9
Well balanced supply 0.7 ± 0.8
First biochemical changes 0.6 ± 0.7 Latent de®ciency 0.5 ± 0.6
Non-speci®c symptoms 0.4 ± 0.5 Speci®c symptoms 0.3 ± 0.4 Anatomic changes 0.2 ± 0.3
Irreversible physical defects 0.1 ± 0.2 Life-threatening 0 ± 0.1 Death
How optimal are computer-calculated optimal diets? K Gedrich et al groups 51 ± 64 y (person 1) and 25 ± 50 y (person 2 and 3). These data are subject to analyses of the actual diets as well as to both types of optimization approaches. Nutrient intakes are calculated using the standard computer stored German food composition table`Bundeslebensmittelschlu Èssel' (BLS) in version II.2 (BgVV, 1996) . Thereby 34 nutrients were taken into account (Table 2) . In order to evaluate the optimality of the calculated solutions, in each case the optimal solution of one approach is subjected to the conditions of the other approach. That is, the x j F are plugged into condition (1) of the NF-approach obtaining
Then it is checked whether the conditions (2a,b) hold accordingly for all i 1, F F F , I:
Due to (8) it is ensured that all x j F meet the side condition (3).
In a similar way the x j NF are plugged into the conditions of the F-approach. A comparison of the value of the target function, however, cannot take place on the basis of W, since FOODOPT 1 does not give the appropriate values.
Instead, the PV is chosen as a substitute. Therefore, the q i NF are entered into (6) giving
and the resulting Hamming distance
Usually, condition (8) cannot be met by the x j NF . Exceptions must be regarded as random.
Results
Firstly the results of the analyses of the actual diets of the three selected people are presented. Then the results of the optimization calculations follow.
Results of the analyses of the actual diets
The analyses of the actual diets (AD) of all the three people show that a large proportion of the nutrient intake recommendations is not met (Table 3 , column AD). The best nutrient intake was found for person 2. But even she ful®lls scarcely two thirds of the nutrient intake recommendations. The other two people satisfy only approximately half of the How optimal are computer-calculated optimal diets? K Gedrich et al recommendations. The evaluation of the actual diets on the basis of the PV leads to values between 0.001 and 0.511. Particularly remarkable is the very low PV for person 3 due to her high intakes of energy (approx. 14.5 MJad), potassium (20.1 gad) and alcohol (49.6 gad).
Results of the optimization calculations
Following, general and speci®c characteristics of the optimal diets are considered. The ®rst ones comprise the existence of feasible solutions of the optimization problem, the ful®llment of the recommendations on nutrient intake and the Prerow values as well as Hamming distances. The second ones are the intakes of selected nutrients. With both types of optimization approaches (non fuzzy and fuzzy) feasible and therefore also optimal solutions were found. This means that either of the optimization approaches is able to meet its own conditions.
The numbers of recommendations met, however, are different in the optimal diets (OD) of both approaches. The optimal diets determined with the NF-approach (OD   NF   ) show by de®nition the recommended intakes of all regarded nutrients. In the optimal diets determined with the Fapproach (OD F ), however, the recommendations are satis®ed for no more than two thirds of the regarded nutrients. For person 3 even fewer intake recommendations are met in OD F than in AD (17 vs 18). Therefore it becomes evident that the results of the F-approach do not completely meet the conditions of the NF-approach.
When the Prerow values are used to evaluate the different diets for all three people there are Ð in both approaches Ð clear improvements of the optimal diets as compared to the actual diets. However, the Prerow values for all the optimal diets are below 0.9 indicating according to Hahn et al (1995) that none of the optimal diets is to a large extent conformal with the recommendations on nutrient intake (neither the OD F nor the OD NF ). Both optimized diets of person 3 even show Prerow values that are to be classi®ed as very unbalanced. If one compares the PV F and PV NF then it is noticeable that for the persons 1 and 2 the PV NF are (although slightly) smaller than the PV F , even though the NF-approach in contrast to the F-approach ful®lls all the nutrient intake recommendations. Since the Prerow value is considerably in¯uenced by the smallest corresponding fuzzy value (equation (6)), the single fuzzy values of the optimal diets were looked at thoroughly:
In the OD NF , the smallest fuzzy value for person 1 i (min m ig (q i ) 0.85) results from calcium intake (1980 mgad), for person 2 i min m ig (q i ) 0.83 results from fat intake (2.56 MJad derived from fat) and for person 3 i min m ig (q i ) 0.73 results from sodium intake (4.39 gad).
In the OD F , the smallest fuzzy values for person 1 i (min m ig (q i ) 0.90) correspond to fat intake (2.53 MJad derived from fat),¯uoride intake (587 mgad) and alcohol intake (9.87 gad), for person 2 i min m ig (q i ) 0.92 belongs to energy intake (7.78 MJad), fat intake (2.30 MJad derived from fat) and sucrose intake (42.5 gad) and ®nally for person 3 i min m ig (q i ) 0.76 comes from ®bre intake (15.2 gad).
Considering the Dx NF respectively the Dx F it becomes clear that the optimization with the NF-approach requires substantially more modi®cations per period of time than the one with the F-approach. For person 1 the NF-approach requires even 18 times as many portions to be changed as the F-approach. With both approaches comparatively few modi®cations are necessary for person 2. This is particularly true for the NF-approach, although even in this case the NF-approach proposes three times as many modi®ca-tions as the F-approach. Considering that the optimal diets of both approaches achieve comparable Prerow values, the NF-approach reaches this particular target clearly less ef®ciently than the F-approach.
In the following part, the intakes of the nutrients fat, folic acid, calcium and iodine in the different diets are looked at in more detail (Figure 2 ). These nutrients were chosen, because according to the German Nutrition Report their supply is often critical in the German population (Karg et al, 1996) .
The OD NF of all persons meet by de®nition all the regarded nutrient intake recommendations, so also the recommendations for fat, folic acid, calcium and iodine. In OD NF , however, the calcium intake of person 1 amounts to almost 2000 mgad. This is more than twice as much as recommended by the DGE (Figure 2C ).
The OD F of the people partly show improvements in the intake of the four selected nutrients, partly, however, deteriorations as well. If the nutrient intakes in the OD F are compared to the recommendations by the DGE, then it shows that only for the nutrient fat all the OD F ful®ll the corresponding recommendation (Figure 2A ). The recommendation on the intake of folic acid is only met in the OD F of person 1 ( Figure 2B ). For calcium and iodine none of the OD F correspond to the recommendations by the DGE (Figures 2C and D) . Partially, the optimized intakes deviate substantially from the recommendations. This for instance holds for the intakes of folic acid (148 mg total folatead) and iodine (92 mgad) of person 3. Both do not reach half of the recommended quantity.
Discussion
The presented results are based on the analyses of three randomly selected diets, which originated from 7 d food intake records of the Bavarian Food Intake Survey (Fischer et al, 1997) . As it was shown by Hahn et al (1995) and Wirsam et al (1997a) such exemplary calculations are suf®cient to enable a discussion of fundamental aspects of nutrition optimization (for example, for the two approaches considered here). Thereby the discussion will focus on the conditions under which the optimal diets in each case are determined.
Feasibility and optimality
Both approaches are able to determine diets which ful®ll the corresponding main and side conditions. This is not to be taken for granted in nutrition optimization. In the past, several NF-approaches were introduced, which partly could not obtain feasible solutions, since their conditions were too restrictive (Karg & Keck, 1982; Steinel & Karg, 1993) . This is one of the reasons why Wirsam (1995) introduced the fuzzy logic into nutrition optimization. The indistinct (fuzzy) formulation of conditions in the F-approach always leads to feasible solutions of an optimization problem.
Ful®llment of the objective nutritional requirements
Another well known problem in nutrition optimization also concerns the approaches regarded here: What is the individual ONR of a person? How can the satisfaction of the ONR of a person be quanti®ed, if appropriate laboratory methods are not available? Usually, the recommendations on nutrient intake (for example, as stated by the DGE) are How optimal are computer-calculated optimal diets? K Gedrich et al taken as a proxy for the ONR. Doing this, however, raises the following problem: the recommendations are expressed in each case for the persons of a person group. For essential nutrients the recommendations are usually set in such a way that approximately 98% of the persons of the group cover their requirements, if their nutrient intake is at least as high as the recommendation (DGE, 1991) . Therefore, if the nutrient intake of an individual person is compared to the corresponding recommendation, only two conclusions are possible: (a) The intake reaches the recommendation. In this case the nutrient requirement is met at a probability of approximately 98%.
(b) The intake is lower than the recommendation. In this case the quality of the person's nutrient supply cannot be judged on the basis of the information given in the recommendations. The individual requirement may be met or not.
This data problem is treated differently by the two optimization approaches. The NF-approach strives to satisfy the nutrient requirement of a person at high certainty. For essential nutrients this is only the case if the intake is at least as high as the recommendation. Such an aspiration for safety, however, leads to the situation that the nutrient intake with an optimized diet is for most of the persons of a person group higher than the individual's unknown requirement (FAOaWHO, 1988) . It is to be assumed that thereby the optimized diets deviate more substantially from the actual diets than it would be necessary for meeting the ONR. As a consequence in the NFapproach the ONR is met at high cost for the SNR, that is, considerable changes of the actual diet are necessary to ensure the satisfaction of the ONR.
The F-approach seeks for an optimal compromise (Hahn et al, 1995) in the ful®llment of ONR and SNR. It aims at a good nutrient supply, accepting uncertainty about the actual ful®llment of the ONR. This has the advantage that often the optimal diets need to deviate from the actual diets just slightly, so that a good ful®llment of the SNR is guaranteed in most cases.
The different solutions to this data problem have accordingly different consequences.
In the NF-approach regarded here the recommendations on the nutrient intake are transformed into side conditions with lower or upper bounds (inequalities 2a, b)). Therefore, optimal solutions may imply a surplus supply of nutrients with formulated lower bounds or a de®cient supply of nutrients with formulated upper bounds. This problem is illustrated by the high calcium intake in the OD NF of person 1 (even though in this case the intake is still below the tolerable upper intake level stated by the Food and Nutrition Board (1997)). The problem, however, could generally How optimal are computer-calculated optimal diets? K Gedrich et al be solved by the formulation of lower and upper bounds for the intake of certain nutrients. Suitable data for certain lower bounds are de®ned by FAOaWHO as`basal requirement' or by the Scienti®c Committee for Food of the European Communities (SCFaEC) as`lowest threshold intake' (Commission of the European Communities, 1993). The mentioned`tolerable upper intake level' as de®ned by the Food and Nutrition Board (1997) could be used to formulate upper bounds for an optimal nutrient intake. But at present, for most nutrients corresponding data cannot yet be found in the`Recommendations on Nutrient Intake' by the DGE (1991). The situation might change with the announced new edition of the DGE recommendations. Gaûmann (1998) , member of the DGE-Committee oǹ Nutritional Requirements', postulated for instance that each nutrient intake recommendation should be accompanied by corresponding guideline values for acceptable respectively safe upper bounds of intake.
The F-approach regarded here poses a number of other problems. They concern the interpretation of single fuzzy values, the aggregation of the single fuzzy values to a total mean value (W or PV) and the data basis for the de®nition of the fuzzy sets. At ®rst, the question arises how to interpret the single fuzzy values. They are introduced by Wirsam (1994) as a quality rating scale for the intake of a nutrient. But there is also another plausible meaning: Even though fuzzy set theory and probability theory should not be mixed up, in the speci®c case of the F-approach considered here it seems to be admissible to interpret a fuzzy value as a kind of probability of the satisfaction of a nutrient requirement. The closer a fuzzy value is to 1, the higher the probability that the requirement of the nutrient is met.
Another aspect of the fuzzy values concerns individuality of nutrient requirements. The fuzzi®cation of the ONR does not lead Ð as one might expect Ð to an individualizing of the evaluation of the nutrient intake. Not different from the use of the distinct DGE recommendations, the nutrient intakes of different persons of a person group are judged on the basis of one and the same reference values (one fuzzy set). Recently, however, FOODOPT 1 offers two ways to solve this problem: On the one hand users can modify the fuzzy sets of the program arbitrarily. This concept appears reasonable, since fuzzy sets should be determined individually and not generally. In reality, however, it is doubtful whether users have the necessary information and knowledge to modify fuzzy sets in accordance to the requirements of a given person.
On the other hand biochemical indicators of the nutritional status of a person (for example, erythrocyte zinc) can be included into the optimization in order to improve the reference values for persons' individual nutrient requirements (Wirsam et al, 1997b) . With this, a person's ONR can individually be taken into account for the optimization calculations. Appropriate data, however, might only rarely be available.
The second problem of the F-approach concerns the aggregation of single fuzzy values to a mean total value like W or PV. Thereby two principles are used, the mean principle and the minimum principle.
Taking means implies that the total quality of a diet lies in between the partial qualities of the intake of the single nutrients. At ®rst sight, this aggregation principle appears convincing. But it has an implausible implication. The total quality of a diet can be improved (for instance in optimization calculations), if some partial qualities are improved, while others might be worsened. Therefore, it is possible to compensate the deterioration of some partial qualities (that is, intakes of certain nutrients) by the improvement of other partial qualities (that is, intakes of other nutrients). This is only plausible if the nutrients concerned are pure substitutes in metabolism. From nature such a relationship of nutrients is not known so far. Therefore, it is advisable to follow a principle well known in economic welfare theory. This is the so-called Pareto principle which says Ð when assigned to the ®eld of nutrition optimization Ð that only then there is an improvement of the total quality of a diet, if single partial qualities are improved without worsening other partial qualities (Henderson & Quandt, 1970) .
The minimum principle in the F-approach implies that the minimum partial quality receives a special weight for the determination of the total quality. This corresponds to the view that a chain is only as strong as its weakest link. However, the question arises, why just the minimum partial quality should receive a special weight. Is not also the second smallest value (and so on) of great importance? Therefore, one might conclude that the geometric mean would perhaps be a more suitable aggregation operator than the one selected in the F-approach.
The problem becomes even more evident, if the following is borne in mind. Since all the fuzzy values lie in the closed interval from 0 ± 1, the combination of the mean and the minimum principle for the determination of W or PV has the consequence that the total quality is practically always below the interval that is de®ned by all the partial qualities. The total quality is thus smaller than the smallest partial quality. This means that the combination of mean and minimum principle Ð as applied in the F-approach Ð leads to results that practically correspond to neither principle. In certain cases this has an annoying implication that can be illustrated by a simple example. We assume there is a diet where for all the considered nutrients the single fuzzy values amount to 0.8 indicating`well balanced' supplies (Table 1) . Computing the PV for this diet according to (6), the smallest fuzzy value (0.8) is multiplied by the harmonic mean of the remaining fuzzy values (0.8). This makes a PV of 0.64 which means according to Hahn et al (1996) that the diet is very unbalanced. So there is a remarkable contradiction between the evaluation of the diet in disaggregated view (where the single fuzzy values indicate a well balanced diet) and the aggregated view (where the PV indicates a very unbalanced diet).
The third problem of the F-approach refers to the de®nition of the fuzzy sets. According to Wirsam et al (1997a) they are based on the nutrient intake recommendations of the DGE and consistent with the recommendations of the US National Research Council (NRC) or the European Communities' Scienti®c Committee for Food (SCFaEC). This would mean that nutrient intakes are provided with fuzzy values close to 1 if they are in good agreement with the recommendations, otherwise the fuzzy values are considerably below 1. This assumption, however, is not always met as it can be seen for instance in Wirsam et al (1997a) where the diet of a 49 y old male German is optimized exemplarily. On the one hand for some nutrients quite low fuzzy values are obtained although the intakes are in good agreement with the recommendations. So an intake of carbohydrates amount- The calculations presented here show some similar disagreements of the nutrient intake recommendations and observed fuzzy values. The fat intake in OD NF of person 2 for example makes exactly 30% of the corresponding guideline value for her energy intake. This is in total agreement with the DGE-recommendations on fat intake. Nevertheless, the F-approach assigns a fuzzy value of just 0.83. Another striking discrepancy can be observed for¯uoride intake. In the OD F of person 1 for instance a daily intake of 587 mg is evaluated with a fuzzy value of 0.90, even though the corresponding DGE guideline values for an adequate intake of¯uoride are substantially higher. They range from 1500 ± 4000 mgad.
Ful®llment of the subjective nutritional requirements
Considering the ful®llment of the SNR a clear superiority of the F-approach shows up when compared to the NFapproach. Even if in the F-approach the one m h is chosen which permits substantial modi®cations, the optimal diets deviate from the actual diets by no more than approximately 3 ± 5 kitchen units per day. This is even less than the average modi®cations of 6 kitchen units per day observed by Wirsam et al (1997a) . In contrast to that, the NFapproach requires modi®cations of 11 to over 70 kitchen units per day. It is to be settled whether people would accept such partially drastic modi®cations of their diets. In some cases (like for person 1 or person 3 considered here) it even seems questionable whether those optimized diets calculated with the NF-approach still meet the person's SNR. In order to facilitate nutritional changes it would probably be necessary to introduce such diets in several successive steps.
Finally, the special condition of the integer values of the x j F in the F-approach (condition (8)) should be regarded. This side condition aims at a determination of an optimal diet that is as close to reality as possible. The user gets to know the precise number of portions of the single dishes that are to be consumed in the optimal diet. A fractional number of portions (for instance, 2.3 cups of coffee) is thereby regarded as unrealistic. For practical use this restriction seems justi®ed, but from a scienti®c point of view it appears amazingly rigid. It imposes additional dif®culties on the optimization calculations that might not be necessary. A user who is enabled to modify fuzzy sets arbitrarily can probably be expected to reasonably interpret fractional numbers of portions. Furthermore, it should be considered that portion sizes are in practice not constants, but variables that vary due to many factors. So one might conclude that the size of portions is a fuzzy variable just like the nutritional requirements of people. This would lead to the consideration that Ð as far as portion sizes are concerned Ð the fuzzy approach does not make use of all the opportunities offered by fuzzy logic.
Conclusions
Either of the considered optimization approaches meets the conditions of the other approach only poorly. Partly, those conditions are even violated. Therefore, it becomes clear that the term`optimal' does not have a general meaning. An optimal diet does not necessarily meet all the nutrient requirements of a person, as it has been shown by the Fapproach. It does not even mean, that the person's nutrient intake is generally improved. The optimality of a diet just depends on the conditions, which are the basis for the optimization calculations. Therefore, it is important that users of any nutrition optimization computer program know and understand the conditions that are the basis of the respective optimization. Especially laymen should be told that the term`optimal diet' does not automatically imply the ful®llment of all nutrient requirements.
Summing up, it shows that no completely satisfying optimization approach is available. However, nutrition optimization is enriched by the introduction of fuzzy logic. This particularly refers to the intensi®ed considerations of the SNR and the individualization of the ONR. But still a number of problems remain to be solved.
